Fe must have been injected into the protosolar nebula and mixed to less than 10 % heterogeneity before formation of planetary bodies.
INTRODUCTION
Evidence for the presence of live 60 Fe has been found in meteoritic materials in the form of its decay product 60 Ni (Birck & Lugmair 1988; Shukolyukov & Lugmair 1993) .
Recent in situ analyses of minerals from chondrites, with high Fe/Ni ratios, have improved our knowledge of 60 Fe abundance in the early solar system (ESS) (Tachibana & Huss 2003; Mostefaoui, Lugmair, & Hoppe 2005; Tachibana et al. 2006; Guan, Huss, & Leshin 2007) .
In particular, chondrule pyroxenes show 60 Ni excesses corresponding to 60 Fe/ 56 Fe ratios of 2.2 to 3.7 × 10 −7 at the time of crystallization (Tachibana et al. 2006) . This translates into an initial ratio of 5 to 10 × 10 −7 at the time of condensation of the first solids, calcium-aluminum-rich inclusions (CAIs), in the nebula (assuming a time interval of 1.5 to 2.0 Myr between formation of chondrules and CAIs, Amelin et al. 2002; Kita et al. 2005) . A critical question that remains to be answered is whether or not 60 Fe was homogeneously distributed in the ESS. Iron meteorites can help us address this issue because they may sample a different portion of the protosolar nebula than that sampled by chondrites (Bottke et al. 2006 ). In addition, 182 Hf (t 1/2 = 8.9 Myr)-182 W chronology indicates that the parent bodies of iron me-teorites accreted within ∼ 2 Myr of formation of CAIs (Markowski et al. 2006; Scherstén et al. 2006; Qin et al. 2007) , when 60 Fe would have been extant if it had been present. Several groups have analyzed Ni in iron meteorites and have found normal (terrestrial) isotopic compositions, within uncertainties (Cook et al. 2006; Quitté et al. 2006; Chen, Papanastassiou, & Wasserburg 2007; Moynier et al. 2007 ). However, with improved precision, Bizzarro et al. (2007) reported deficits of 25 parts per million in 60 Ni in several classes of early-formed differentiated meteorites (including iron meteorites); these deficits were not correlated with Fe/Ni ratios. They attributed the uniform deficits in 60 Ni to the accretion of the parent bodies of these differentiated meteorites prior to the injection of 60 Fe into the ESS. In order to address the question of 60 Fe distribution in the solar nebula, we have analyzed Fe and Ni isotopic compositions of meteoritic metal. The paper is organized as follows. In §2, we describe the analytical methods used for measuring the isotopic compositions of Fe and Ni (Table 1) . In §3, we show how inefficient mixing or delayed injection of 60 Fe in the solar nebula should be associated with 60 Ni deficits (from lack of 60 Fe decay) and collateral anomalies in the neutron-rich isotopes 58 Fe and 64 Ni (coproduced with 60 Fe in core-collapse supernovae and AGB-stars by neutron-capture reactions). Comparisons between predictions and measurements limit the heterogeneity in the distribution of 60 Fe. In §4, we set an upper-limit on the abundance of 60 Fe at the time of metal-silicate differentiation in planetesimals. Finally, we discuss and summarize the implications of our results in §5.
MATERIALS AND METHODS
For Fe analyses, we used aliquots of the samples dissolved by Cook et al. (2006) . The protocol used for separation of Fe for the search of isotopic anomalies is described in Dauphas et al. (2004a) ; Dauphas & Rouxel (2006) . The solutions of purified Fe were analyzed on a Neptune (Thermo Electron) multicollector inductively coupled plasma mass spectrometer (MC-ICPMS) 11 Ω amplifiers. A 10
10 Ω amplifier was used for 56 Fe to prevent saturation and measure the minor isotopes at relatively high ion intensities. A 10
12 Ω amplifier was used for 60 Ni in order to reduce the Johnson noise by a factor of ∼ 2 (Wieser & Schwieters 2005) and improve the precision of the Ni interference correction on 58 Fe. The purified Fe solutions (10 ppm in 0.3 M HNO 3 ) were introduced into the MC-ICPMS using an Apex-Q+Spiro inlet system operated with Ar alone and a 100 µL/min PFA nebulizer. The measurements were made in High Resolution mode on peak shoulders (Weyer & Schwieters 2003) (Taylor, Maeck, & De Bièvre 1992) run under identical conditions. A 90 s washout time was allowed between samples and standards. Instrumental and natural mass fractionation were corrected for by fixing the 57 Fe/ 54 Fe ratio to a constant value using the exponential law (Maréchal et al. 1999) . Each sample was analyzed between 12 and 24 times, and the average compositions are reported in ǫ units (Table 1) For Ni, we used purified solutions already analyzed by Cook et al. (2006) . The conditions were identical to those used for Fe except for the concentration of the analyte (5 ppm), the cone material (Ni), and the gas injected in the Apex (Ar+N 2 ). Note that despite the use of Ni cones, the ion intensities measured in a blank solution before introducing any Ni into the mass spectrometer remain negligible (sample/OPZ=2 × 10 4 ). O. Zoom optics were used to accommodate the mass dispersion (mass 57 to 66) in the collector array. OPZ intensities from blank solutions were subtracted from all measurements. The reference material used for sample-standard bracketing was SRM-986 (Gramlich et al. 1989 Bizzarro et al. (2007) , the 61 Ni/ 58 Ni ratio was adopted. In Table 1 , we report ǫ values using both normalizations, allowing direct comparison with published data. Our measurements represent an improvement by a factor of 2 to 3 relative to the most precise analyses of Cook et al. (2006) made on the same solutions using a different instrument. As shown in Fig. 1 , we did not detect any of the isotopic anomalies reported in Bizzarro et al. (2007) . The ǫ 62 Ni anomalies reported in Bizzarro et al. (2007) Dauphas et al. 2003; Wasserburg et al. 2006) , 60 Fe requires injection from a nearby star such as a core-collapse supernova (cc-SN) or asymptotic giant branch star (AGB) shortly before formation of the solar system (Cameron & Truran 1977; Wasserburg, Gallino, & Busso 1998; Meyer & Clayton 2000; McKeegan & Davis 2007; Wasserburg et al. 2006) .
Interestingly, a cc-SN explosion or passing AGB-star could have triggered the collapse of the molecular cloud core that made our solar system (Cameron & Truran 1977; Cameron 1993; Foster & Boss 1996; Vanhala, & Boss 2000) . The probability of encounters between AGB stars and molecular clouds is small, whereas cc-SNs are associated with star-forming regions. Thus, cc-SNs are more likely candidates for explaining the presence of 60 Fe in meteorites than AGBs (Kastner & Myers 1994 ). An alternative to the triggered molecular cloud core collapse hypothesis is direct injection of 60 Fe into the protoplanetary disk (Chevalier 2000; Hester & Desch 2005; Ouellette, Desch, & Hester 2007 Moynier et al. 2007 ) but with significantly im-proved precision. The discrepancy with Bizzarro et al. (2007) is not due to differences in sampling (meteorites of the same type were analyzed in Bizzarro et al. 2007 , and this study) or the choice of the ratio used for correcting mass-dependent fractionation (Fig. 1 ; a higher initial value would allow even less heterogeneity). This observation is consistent with the degree of homogeneity inferred for 26 Al in the accretion region of meteorite parent bodies (McKeegan & Davis 2007) as well as results of dynamical modeling, which show that passive tracers are mixed in the nebula at the 10 % level on time-scales of a few thousand years (Boss 2007) .
Collateral nucleosynthetic effects on
58 Fe and 64 Ni?
A powerful means of investigating whether 60 Fe was heterogeneously distributed in the ESS is to search for collateral anomalies in other isotopes of Fe (Nichols et al. 1999; Sahijpal & Soni 2006; Gounelle & Meibom 2007) . Solar system Fe was produced by different nucleosynthetic processes (nuclear statistical equilibrium and neutron capture) in different stars (∼ 1/2 comes from cc-SN and the rest from SNIa, Iwamoto et al. 1999) . Its isotopic composition represents the integrated contribution over ∼ 9 Gyr of SNIa and cc-SN of different metallicities and initial masses. Thus, Fe isotopes are unlikely to be present in exact solar proportions in the cc-SN or AGB star that injected 60 Fe into the nascent solar system. Addition of even minute amounts of stellar ejecta containing 60 Fe should leave a diagnostic fingerprint on non-radiogenic Fe isotopes if it is missing from other parts of the solar system (as is suggested by Sugiura (Meyer & Clayton 2000) . A possible solution to this problem is to invoke an injection mass cut different from the mass cut of the remnant (Cameron et al. 1995; Meyer & Clayton 2000) . The meteoritic abundances of 26 Al, 41 Ca, and 60 Fe can be explained with a 25 M ⊙ (solar mass) cc-SN using a free decay interval of ∼ 1 Myr and an injection mass cut of ∼ 7 M ⊙ that corresponds to the edge of the He exhausted core (Meyer & Clayton 2000) . In a cc-SN, Fe isotopes are produced in different layers by different nuclear reactions. Iron-54, 56, and 57 are produced as radioactive progenitors (e.g., 56 Ni) in the inner region of the cc-SN by nuclear statistical equilibrium associated with explosive Si-burning. This process results in synthesis of isotopes with approximately equal numbers of neutrons and protons. For this reason, 58 Fe and 60 Fe, which have large excesses of neutrons, are not produced in appreciable quantities. These two isotopes are synthesized in more external regions by neutron capture reactions on preexisting Fe isotopes (e.g., Fig. 3 ). Using an injection mass cut similar to that used in Meyer & Clayton (2000) Fe = (58 − 54)/(57 − 54), λ 60 is the decay constant of 60 Fe, and ∆t is the free decay interval between production in the cc-SN or AGB and injection into the solar system (the derivation of the general equation is given in Appendix, also see Dauphas et al. 2004b) . If one allows for ∆t > 0, the sizes of the collateral effects increase because 60 Fe has time to decay before being injected and the contribution of material from the cc-SN or AGB must increase in order to explain 60 Fe/ 56 Fe t0,CHUR , which is fixed. In this study, we use ∆t = 0 and present collateral isotopic effects that must therefore be treated as lower limits. In Fig. 4A , we have computed ǫ 58 Fe deficits using yields from 15, 19, and 25 M ⊙ cc-SN models as a function of injection mass cut (Rauscher et al. 2002) . Note that the 60 Fe yields in these models are thought to be overestimated (Limongi & Chieffi 2006; Woosley & Heger 2007) and the collateral effects on ǫ 58 Fe may be larger than what is calculated here (the 60 Fe/ 56 Fe production ra-tio appears in the denominator of Eq. 2). However, the combined uncertainties in the neutron capture reactions governing the synthesis of 60 Fe are not expected to reduce the production of 60 Fe by more than a factor of two (Woosley & Heger 2007 (Boss 2007) . It is worth noting that the scale relevant to this study is that of planetesimals. Stable isotopic anomalies produced by neutron-rich nuclear statistical equilibrium (Hartmann, Woosley, & El Eid 1985) have been detected in CAIs for Fe and Ni (Birck & Lugmair 1988; Völkening & Papanastassiou 1989 ) and one cannot exclude that 60 Fe was heterogeneously distributed at such scale (subcentimeter objects).
UPPER LIMIT ON 60 FE ABUNDANCE
Having established that 60 Fe was homogeneously distributed in the ESS, we can now turn to estimating its abundance. Evidence from 182 Hf − 182 W systematics indicates that separation between metal and silicate occurred within 2 Myr of condensation of the first solids in the nebula (Markowski et al. 2006; Scherstén et al. 2006; Qin et al. 2007 ). In Fig. 5 , we plot ǫ 60 Ni (using 62 Ni/ 58 Ni normalization) as a function of the Fe/Ni fractionation factor for several types of samples. For Bishunpur metal, we use the Fe/Ni ratio measured by Cook et al. (2006) ; f Fe/Ni = (Fe/Ni)/(Fe/Ni) CHUR − 1 = −0.221. Part of the fractionation between Fe and Ni in iron meteorites was produced during fractional crystallization of the metallic core, which most likely took place after 60 Fe had decayed. Under those circumstances, the relevant Fe/Ni fractionation factor is that of the parental melt, established when metallic cores segregated from silicate mantles. We therefore plot the average ǫ 60 Ni for each magmatic iron meteorite group (Table 1) as a function of the fractionation factor of the parent melt (f Fe/Ni = −0.094 and −0.329 for IIAB and IIIAB, respectively, Jones & Drake 1983). If 60 Fe was present when metal segregated from silicate (taken to represent a single event precisely defined in time), there should be a linear correlation between ǫ 60 Ni and the Fe/Ni fractionation factor relative to chondrites (Jacobsen & Wasserburg 1984 , see Appendix for details),
where Q has the same definition as in Eq. 1 and t i is the time of Fe/Ni fractionation. Bishunpur metal and IIIAB irons provide the most stringent constraints on the 60 Fe/ 56 Fe ratio at the time of metal-silicate differentiation, which is conservatively estimated to be < 2 × 10 −7 in both cases. This value is in agreement with the 60 Fe/ 56 Fe ratio measured in Bishunpur by in situ techniques ( in sulfides and 1.9 ± 1.1 × 10 −7 in chondrules) and the value inferred from pallasite and magmatic iron meteorite measurements (Cook et al. 2006 , marginally different from 0, ∼ 1 to 8 × 10 −7 ). (Yin et al. 2002) but Kleine et al. (2008) showed that in primitive H chondrites, metal-silicate differentiation occurred 1.7 ± 0.7 Myr after CAI and was coeval with chondrule formation (Amelin et al. 2002; Kita et al. 2005 ). If we tentatively correct for a possible delay of up to 2 Myr between CAI formation and metal-silicate differentiation, the ǫ 60 Ni values measured in meteoritic metal translate into an upper limit of < 6 × 10 −7 for the initial 60 Fe/ 56 Fe ratio at the time of condensation of the first solids in the solar nebula. This result is consistent with the initial value of 5 − 10 × 10 −7 derived from in situ isotopic analysis of chondrule pyroxenes (Tachibana et al. 2006 ).
SUMMARY AND CONCLUSION
The presence of 60 Fe in meteorites can only be explained by injection into the solar nebula of debris from a nearby AGB or cc-SN. Homogeneity of short-lived isotopes in the solar nebula is one of the key unsettled questions at the present time. In order to address this question, we have measured the isotopic compositions of Fe and Ni in meteoritic metal. The data have clear implications:
• Fe ratio in the ESS of around < 6 × 10 −7 . This upper-limit agrees with recent in situ isotopic analyses of chondrule pyroxenes, which give an initial ratio of 5 to 10 × 10 −7 (Tachibana et al. 2006 ).
The degree of mixing of 60 Fe in the ESS is quantified for the first time in this study. We conclude that 60 Fe must have been homogeneously distributed (less than 10 % heterogeneity in the 60 Fe/ 56 Fe ratio). This agrees with results of dynamical modeling (Boss 2007) , showing that passive tracers are mixed in a turbulent nebula at the 10 % level within several thousand years. A second important conclusion is that 60 Fe was injected before formation of planetary bodies. This supports the idea that the presolar molecular cloud core was triggered into collapse by interaction with a nearby star (Cameron & Truran 1977; Cameron 1993) . Iron-60 was homogeneously distributed in the solar nebula and can therefore be used as a reliable short-lived chronometer for ESS events. This is particularly important given the converging lines of evidence indicating that the key events that shaped our solar system took place shortly after condensation of the first solids in the solar nebula. 
Using the notation, ρ
Eq. B4 can be rewritten in the form, 
In ǫ * = (R/R CHUR − 1) × 10 4 notation, this takes the form,
where the * superscript indicates that the ratios have not been internally normalized. Eq. B9 can be applied to 57 Fe,
Isotopic analyses are corrected for mass fractionation by internal normalization to a constant 57 Fe/ 54 Fe ratio. Internally normalized ǫ values are computed using the following formula,
where µ i Fe = (i − 54)/(57 − 54). We therefore have,
From Eq. B6, we have y = x/ 1 + ρ Fe and the expression of x given in Eq. B3, Eq. B12 takes the form (Eq. 2), 
For Ni, we can derive an equation very similar to Eq. B12 with z in place of y,
where µ (Table 1) and Bizzarro et al. (2007) for differentiated meteorites. Identical notation (Birck & Lugmair 1988; Bizzarro et al. 2007 , ǫ i Ni/ 58 Ni,) and correction for mass-dependent fractionation (internal normalization to a fixed 61 Ni/ 58 Ni ratio of 0.0167442 using the exponential law, Gramlich et al. 1989; Maréchal et al. 1999) were used. Because of its low abundance (0.91 atom %) and the presence of a major 64 Zn interference (48.63 atom %), 64 Ni data were not reported in Bizzarro et al. (2007) . [See the electronic edition of the Journal for a color version of this figure]. (Table 1 ). The compositions are in ǫ units corrected for mass-dependent fractionation by fixing the ratios 57 Fe/ 54 Fe = 0.3625663 (Taylor, Maeck, & De Bièvre 1992) and 62 Ni/ 58 Ni = 0.0533886 (Gramlich et al. 1989 ) using the exponential law (Maréchal et al. 1999 Fig. 1). [See the electronic edition of the Journal for a color version of this figure]. 
Mass coordinate (M )
10
Mass fraction
Fe-54 Fe-56 Fe-57
Fe-58 Fe-60 Fig. 3 .-Post-supernova profile of Fe isotope abundances as a function of mass coordinate for a 19 M ⊙ cc-SN progenitor computed from zonal yields 25,000 s after core bounce (see Rauscher et al. 2002, for details) . While 54 Fe, 56 Fe, and 57 Fe are produced as radioactive progenitors in the internal regions of the cc-SN by nuclear statistical equilibrium, the neutron-rich isotopes 58 Fe and 60 Fe are produced in more external regions by neutron-capture reactions on pre-existing Fe isotopes. [See the electronic edition of the Journal for a color version of this figure]. (Table 1) with predicted collateral isotopic effects if 60 Fe from a cc-SN was heterogeneously distributed in the ESS (Eqs. 2, 3). We used Eqs. 2 and 3 with ( 60 Fe/ 56 Fe) t 0 ,CHUR = 5 × 10 −7 (Tachibana et al. 2006) , ∆t = 0, and the yields for 15, 19, and 25 M ⊙ cc-SN progenitors (Rauscher et al. 2002) to compute ǫ 58 Fe and ǫ 64 Ni anomalies as a function of injection mass cut (mass coordinate above which matter from the cc-SN ejecta is injected into the solar system, Meyer & Clayton 2000) . The 20 and 21 M ⊙ models of Rauscher et al. (2002) are not plotted because S21 is redundant with S19, and S20 exhibits a singular and possibly unrealistic convection pattern (merging of O-, Ne-, and C-burning shells, Rauscher et al. 2002; Tur, Heger, & Austin 2007) . If portions of the solar system did not incorporate 60 Fe, one would expect to find anomalous ǫ 58 Fe (A) and ǫ 64 Ni (B), which is not observed. For each cc-SN model, there is a certain injection mass cut above which the amount of 60 Fe ejected decreases, requiring unrealistic dilution factors for explaining the 60 Fe/ 56 Fe ratio measured in meteorites (Eq. B3). This is why for each model, the results are not plotted above a certain injection mass cut. [See the electronic edition of the Journal for a color version of this figure]. (Table 1 ) and f Fe/Ni (Eq. 4). For Bishunpur metal, f Fe/Ni was calculated using the 56 Fe/ 58 Ni ratio reported in Table 2 of Cook et al. (2006) . For IIAB and IIIAB iron meteorites, the ǫ 60 Ni are the weighted averages of the values for each group (Table 1 ) and the f Fe/Ni values were calculated using the Fe/Ni ratios of parental melts (Jones & Drake 1983) . The dashed lines correspond to expected correlations for different values of the 60 Fe/ 56 Fe ratio.
